INTRODUCTION
Autism represents a group of complex brain developmental disorders characterized by impairments in social interaction, social communication and stereotypical and repetitive behaviors. 1 The diagnosed incidence of autism is estimated to be 1 in 68 children. 2 However, effective interventions have remained limited. Some psychotropic drugs, such as risperidone, seem to alleviate behavioral problems but they are often associated with adverse events. 3 There is also little evidence for effective pharmacotherapy to alleviate core social diagnostic features. 4 Alternatively, behavioral interventions significantly improve impairments, 5 but they are typically time-consuming and costly. 6, 7 The hormone oxytocin has been identified as having an important role in social cognition and behavior. 8 Oxytocin administration has been shown to enhance peer recognition, and bonding behavior in studies across numerous mammalian species. 9 In neurotypical adult humans, intranasal administration of 24 International Units (IU) of oxytocin has been found to improve eye gaze, 10 emotion recognition 11, 12 and trust. 13 This has led to speculation for its potential application in the treatment of psychiatric disorders characterized by social difficulties. 9, 14 In adults with autism, initial studies evaluated effects of a single dose of oxytocin on acute symptoms. Intravenous administration was found to reduce repetitive behaviors 15 and improve accuracy of recognizing emotion from speech. 16 Intranasal administration has been the preferred route of administration owing to it being well tolerated and easy to use (for dosing regimens, absorption pathways and bioavailability discussion of nasal administration see review in Guastella et al. 17 ). Intranasal administration of oxytocin has been found to improve face processing, decisions in a social ball tossing game 18 and emotion recognition in male adults. 19 More recently, youth with autism (aged 12-19 years) have shown improved emotion recognition under oxytocin (18 IU). 20 Past research indicates that interventions for autism provided in the early years of life offer the best opportunity to improve longterm outcomes. 14, 21, 22 Younger children appear to show greater response to intervention as observed by improved functioning and decreases in challenging behaviors. 21 The present study investigated the efficacy, tolerability and safety of intranasaladministered oxytocin to improve social interaction deficits observed by caregivers of young children with autism.
MATERIALS AND METHODS

Study design
This study of intranasal-administered oxytocin in young children with autism was a double-blind, randomized, placebo-controlled, crossover, clinical trial. Participants were randomly allocated to study arms, where each one consisted of two consecutive treatment conditions. Treatment was administered in this study using the AB/BA model. Participants who were randomly allocated to the AB arm received oxytocin during phase 1 of treatment and then placebo during phase 2 of treatment. Those participants who were randomly allocated to the BA arm received placebo during phase 1 of treatment and then oxytocin during phase 2 of treatment. This consequently allowed for the response of a participant to oxytocin to be directly contrasted with their response to placebo, thus reducing the influence of any confounding covariates.
The study was conducted at the Brain and Mind Centre (BMC), The University of Sydney (Australia) between October 2010 and October 2012 with approval from the University of Sydney Human Ethics Committee (2012/2281). Informed consent from caregivers was obtained for each participant.
Participants
Inclusion criteria were children aged between 3 and 8 years of age who met the DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text Revision) criteria for Autistic Disorder, Asperger's Disorder or Pervasive Developmental Disorder-Not Otherwise Specified (PDD-NOS). All children were recruited through advertisement and specialist networks within the Inner-Sydney area. To confirm eligibility, caregivers of participants initially completed a telephone screening assessment to determine whether their child had received a previous diagnosis associated with autism and were not likely to meet noted exclusion criteria. Participants then completed screening assessments conducted at the BMC, namely the Autism Diagnostic Observation Schedule (ADOS), 23 the caregiver-rated Social Responsiveness Scale (SRS-P) 24, 25 and the Developmental Behavior Checklist (DBC-P). 26, 27 The Leiter International Performance Scale-Revised 28 was also administered to participants who did not have a valid measure of intelligence within the past 5 years. All participants were stabilized on psychotropic medication for 8 weeks before commencement of the trial, and no changes to dose were made for the duration of the trial. The telephone screen and onsite assessments were followed by a medical interview with a pediatric psychiatrist with extensive research and clinical experience in autism (SLE). During the medical interview, a participant's autism diagnosis was confirmed using previous psychological reports and scores on the above assessments. Those participants who received a diagnosis of PDD-NOS did so because of the presence of autistic symptoms that did not reach the threshold for Autistic Disorder or Asperger's Disorder. In addition, participant's suitability for treatment based on exclusion criteria was assessed. Exclusion criteria included known sensitivity to preservatives in the nasal spray (in particular, E216, E218 and chlorobutanol hemihydrates).
Assessment schedule
Following informed consent by the caregiver, eligible children visited the BMC in week 1 for social interaction and behavioral assessments and phase 1 drug kit allocation. Participants returned to the BMC at week 5 for phase 1 post-test assessments. Following a 4-week washout period, participants returned at week 9 to complete phase 2 pretest assessments and drug kit allocation. Finally, phase 2 post-test assessments were completed at week 14.
Medication schedule
In phase 1, participants were randomly assigned drug kits containing either oxytocin or placebo (which included all of the same ingredients except oxytocin). All sprays contained sorbitol, benzyl alcohol glycerol and distilled water, within an amber 7 ml glass nasal spray with metered Pfeiffer pump spray bottle. In phase 2, participants received drug kits that contained the alternate nasal spray. Drug kits were manufactured and stratified by the compounding chemist. Nasal sprays were labeled with sequential numbers corresponding to order of entry into the trial and stratified by gender by an independent research assistant. Blocking was in sets of six (three active and three placebo) in a randomly generated order. All research staff conducting assessments, as well as caregivers and participants, were blind to condition allocation and unaware of randomization.
The drug kits for each treatment (oxytocin and placebo) contained two nasal spray bottles to be administered over the course of 5 weeks. For oxytocin-assigned participants, the first bottle (labeled week 1) contained a dose of 3 IU per spray, administered in a dose escalation schedule over 1 week, morning and night. Day 1 of the dose escalation week started at 3 IU and then increased every 2 days by 3 IU, until on day 7, the participant was receiving the full dose of 12 IU morning and 12 IU at night. The second bottle (labeled weeks 2-5) contained 6 IU per spray and was administered one spray per nostril, each morning and night (24 IU per day), over the following 4 weeks. Placebo assigned participants received identical bottles and instructions for delivery of these bottles over the dose escalation and treatment phase.
The first drug administration of each phase was conducted at the BMC. Instructions were provided to caregivers and training was consistent with our previous published guidelines. 17 Children were monitored onsite for 40 min following the first nasal administration as this is the typical period of time employed in experimental studies to observe effects of oxytocin. Caregivers (and the child when appropriate) were provided with open-ended questions and then a caregiver-rated checklist was provided to parents. Follow-up of potential adverse events was by telephone during mid-condition for each phase (i.e. weeks 3 and 12) and at the completion of each phase (i.e. weeks 5 and 14).
Primary and secondary outcome measures
There were two primary outcome measures. The first was change in caregiver-rated social responsiveness on the SRS-P. 23, 24 Using a fourpoint Likert scale, the SRS-P assesses a child's social awareness, social information processing, capacity for reciprocal social communication, social anxiety avoidance, autistic preoccupations and traits, and total social impairment. Scores range from 0 to 195 (M = 50.0; s.d. = 10.0) and higher scores indicate greater impairment. The second was change in caregiver-rated severity of repetitive behavior on the Repetitive Behavior Scale-Revised (RBS-R-P: scores range from 20 to 60, M = 33.1, s.d. = 20.6, where higher scores indicate greater severity). 29 Secondary outcome measures included change in: experimenter-rated observations of reciprocal social interaction and communication on the ADOS 22 (behaviors scored on an algorithm and higher scores indicate greater severity); caregiver-rated social and emotional difficulties on the DBC-P 25, 26 (measured on a three-point Likert scale where scores range from 0 to 192, M = 61.2, s.d. = 23.9, with high scores indicating greater severity); 30 experimenter-rated Clinical Global Impressions-Improvement scale; 31 caregiver observations of perceived improvement, tolerability and adverse events; and caregiver stress on the Caregiver Strain Questionnaire (CSQ; scores range from 21 to 105, with greater scores indicating greater severity). 32 In addition to mid-condition telephone monitoring, adverse events were reported using a 12-item caregiver-rated checklist collected during the onsite monitoring of initial nasal spray administration and at post-test's for phase 1 and 2. The checklist included thirst, frequency of daytime and nighttime urination, nausea, vomiting, diarrhea, constipation, skin rash, heart palpitations, headaches, shortness of breath and lightheadedness. Any serious adverse events were reported to the local institutional review board.
Statistical analyses
All statistical analyses used the IBM SPSS Statistics for Windows, Version 21.0 (IBM Corp., Armonk, NY, USA). For this study, power was calculated at 0.9 based on a moderate to large effect size, based on effect sizes from previous single dose data 10, 20 of d = 0.6 and α-level of 0.05 for 31 participants with matched data. Owing to this sample size, it was decided to plug-in missing values using series mean substitution at the subscale level of all measures. From the total data analyzed, there was 4.1% missing data (Supplementary Table1). Using this data set, total scores were then computed and examined to ensure violations were not met for linear model assumptions.
Baseline demographic and behavioral characteristics were explored using independent samples t-tests for continuous variables and Fisher's exact test for categorical variables. Repeated measures within general linear modeling were then used to evaluate participant response by time and condition.
The main disadvantage of a crossover study is the potential for carryover between conditions, which confounds the estimate of effects. In this trial, carry-over between phases 1 and 2 was avoided with a washout period of 4 weeks. Taking advantage of the within-person design, this was confirmed by paired t-tests between phase 1 pretest and phase 2 pretest (Supplementary Table 2) . Collapsed data was then analyzed for oxytocin and placebo over time (pre-vs post-test) and then oxytocin vs placebo regardless of time. Data were further analyzed using a difference-indifference approach, which compared the average change over time in the primary and secondary outcome variables after oxytocin compared with the average change over time in these variables following placebo administration. Where appropriate, effect size (Cohen's d) has been reported, where 0.2 is indicative of a small effect, 0.5 a medium effect and 0.8 a large effect. 33 Clinical changes were also evaluated for individual participants using the Reliable Change Index (RCI), 34 which takes into consideration scale reliability of measures used. RCI is equal to an individual's score before intervention minus their score after an intervention, divided by the standard error of the difference of the measure. 34 If RCI is 1.96 or greater, then the difference is significant. If it is o 1.96, RCI is not significant.
Finally, experimenter-rated CGI-I scores and caregiver-rated adverse events and impressions of treatment allocation were evaluated using McNemar's χ 2 test for paired categorical data. For all analyses, the level of significance was set at Po0.05.
RESULTS
Participants and baseline characteristics
The caregivers of 64 children initially contacted the BMC to enquire about the study, of which a total of 44 children were screened for eligibility. Thirty-nine of these children entered the randomization schedule and 32 (82%) completed phase 1 and then crossed-over to phase 2. One participant was excluded before completion of phase 2 because of competing time commitments. The final number of participants included in the Figure 1 . Consort diagram of study participants by randomization schedule. Parents of 64 children initially contacted the Brain and Mind Centre (BMC) to enquire about the study, of which 44 children were screened for eligibility. Thirty-nine children entered the randomization schedule, and 32 (82%) completed phase 1 and then crossed-over to phase 2. One participant was excluded before completion of phase 2 because of time commitments in following the protocol. The final number of participants included in the analyses was 31, including 15 randomized to 'oxytocin then placebo' and 16 to 'placebo then oxytocin' .
analysis was 31 (Figure 1 ), including 15 randomized to 'oxytocin then placebo' and 16 to 'placebo then oxytocin'.
Baseline characteristics of participants completing the study were not significantly different from those who were excluded after commencement of the study (n = 8) (P40.05 for all demographic, social interaction and behavioral measuresSupplementary Table 3 ). Of those who completed, 16% (5/31) of participants were stabilized on psychotropic medication (treating attention deficit hyperactivity disorder, epilepsy, mood disorder, pain and sleep) before trial commencement. Mid-condition telephone interviews and post-test assessments indicate that participants adhered to the delivery of nasal spray morning and night at least 80% of the time, and 87% (27/31) of participants reported 90% and above adhered to the routine of delivery. Demographic and baseline measures for the 31 participants are shown in Table 1 ; importantly, the randomized groups shared similar baseline characteristics.
Confirming effectiveness of washout, there was no significant difference between phase 1 pretest scores and phase 2 pretest scores on any measure (P40.05).
Statistical data Repeated-measure analyses, specifying oxytocin/placebo as a between-subjects variable, found significant main effects for the first primary outcome measure (SRS-P, F = 13.8, d.f. = 1, P o0.01) (Figure 2 ). More specifically, when placebo was administered first (then oxytocin), significant linear relationships were observed (Supplementary Table 4 ). Significant main effects were also found for secondary measures of emotional and behavioral difficulties (DBC-P, F = 17.9, d.f. = 1, P o 0.001). Here, when placebo was administered first (then oxytocin), a significant linear relationship was observed, and when oxytocin was administered first (then placebo), a significant quadratic relationship was observed (Supplementary Table 4) . Compared with baseline, analyses regarding the size of these differences yielded small to large effects when administered oxytocin first or second, but only small to medium effects when administered placebo first or second (Table 2) .
For collapsed data, significant mean improvements were found for pre-vs post-test for both oxytocin and placebo on the RBS-R-P (oxytocin: 23.5 vs 17.7, t = 2.59, d.f. = 30, P o0.05; placebo: 23.5 vs 17.6, t = 2.45, d.f. = 30, P o 0.05) and DBC-P (oxytocin: 59.3 vs 43.1, t = 5.05, d.f. = 30, P o 0.001; placebo: 59.3 vs 47.5, t = 3.07, d.f. = 30, Po 0.01). Importantly, oxytocin also resulted in a significant mean improvement on the SRS-P (109.1 vs 98.5, t = 4.37, d.f. = 30, Po 0.001). A difference-in-difference approach found that participants achieved a significantly greater mean improvement on the SRS-P at post-test (as compared with pretest) when administered oxytocin vs placebo (Table 3) . For the RBS and secondary outcome measures, no significant effects were found. Figure 3 shows individual SRS-P data for participants after oxytocin (red triangles) and placebo (black triangles). Here, the solid diagonal line represents the 'line of no change' between pre-and post-test results, whereas the diagonal dotted lines represent the upper and lower RCI confidence limits. Inspection of the figure shows the majority of participants fall at or on the improvement side of the 'line of no change', including 90% (28/31) after oxytocin and 77% (24/31) after placebo. Importantly, no participant 'deteriorated' after oxytocin but 10% (3/31) did after placebo. RCI findings for secondary measures did not show any significant differences between treatments (Supplementary Table 5 ).
Clinical data
Clinical global improvement, caregiver burden and adverse events Experimenter-rated impressions of clinical global improvement were significantly greater for oxytocin (72%, 21/29) compared with Abbreviations: ADOS, Autism Diagnostic Observation Schedule; 95% CI, 95% confidence interval; CSQ, Caregiver Strain Questionnaire; DBC-P, caregiver-rated Developmental Behavior Checklist; RBS-R-P, caregiver-rated Repetitive Behavior Scale-Revised; SRS-P, caregiver-rated Social Responsiveness Scale.
Effect of oxytocin nasal spray in young children with autism CJ Yatawara et al placebo (41%, 12/29, X 2 = 5.15, P o0.05). Analyses of the strain (or burden) experienced by caregivers found no significant differences, and caregiver impressions of whether (or not) their child received oxytocin did not differ at post-test 1 (16/31 vs 15/31, X 2 = 0.82, P = 0.37), but did differ significantly at post-test 2 (18/29 vs 11/29, X 2 = 6.45, P o0.05). In terms of correct beliefs overall, however, only 25% (15/60) of caregivers rightly believed their child received oxytocin, whereas 32% (19/60) believed they did but instead received placebo.
Finally, caregiver reports indicated that participants may have been observed to experience slightly more adverse events when administered oxytocin as opposed to placebo (13/31 vs 7/31) but this difference was not significant (X 2 = 2.66, P = 0.10). The most frequently reported adverse events were increased thirst as well as increased day/nighttime urination and constipation, and these adverse events were reported by twice as many participants during oxytocin (10 reports) than placebo (five reports). Two serious adverse reactions were reported for three participants, namely hyperactivity and aggression. These participants were immediately removed from the study and all adverse reactions ceased once the condition was discontinued. Two participants experienced these adverse reactions in week 1 of phase 1, whereas the third occurred during week 1 of phase 2. Two of the three participants were receiving oxytocin at the time, with one of these participants previously completing phase 1 under the placebo regimen.
DISCUSSION
To our knowledge, this preliminary study is the first double-blind, randomized, placebo-controlled, crossover, clinical trial investigating the efficacy, tolerability and safety of intranasal-administered oxytocin in young children with autism. A difference-in-difference approach found that a 5-week course of oxytocin resulted in statistically significant improvement on the primary outcome measure (SRS-P). These findings were further supported by improved experimenter-rated impressions of clinical global improvement when administered oxytocin as compared with placebo. There was, however, no influence of oxytocin on our second primary outcome, caregiver reports of the severity of repetitive behavior or our other secondary outcome measures. In general, oxytocin was found to be well tolerated and there were no significant differences in the report of adverse events between conditions.
Results additionally showed important moderators of 'treatment efficacy'. First, exploratory analysis indicated that order of condition likely impacted the degree of separation between oxytocin and placebo. When oxytocin was administered first and placebo second, quadratic patterns in outcome measures were noted. However, when placebo was administered first and oxytocin second, negative linear patterns were observed. One explanation for the latter is the presence of a placebo response-which occurs when a beneficial effect is produced simply because a person has an expectation that a treatment/ condition will be helpful. Placebo effects are commonly observed in child treatment studies, 35 including autism, 36, 37 and may be compromising clinical outcome conclusions made by such trials as its observed effect on response can be similar in size to efficacious Caregiver-rated Social Responsiveness Scale (SRS-P).
Caregiver-rated Repetitive Behavior Scale -Revised (RBS-R-P). Caregiver-rated Developmental Behavior Checklist (DBC-P). Plotting mean scores on the primary (caregiver-rated Social Responsiveness Scale (SRS-P), caregiver-rated Repetitive Behavior Scale-Revised (RBS-R-P)) and secondary (caregiver-rated Developmental Behavior Checklist (DBC-P)) outcome measures by time and condition, N = 31. treatments. Our recent meta-analysis 37 showed a moderate placebo response effect size across autism pediatric pharmacological and dietary placebo-controlled trials, suggesting that the placebo response may account for 47% of observed improvement across trials. This interpretation may explain why earlier studies that used a simple between-subject design have shown strong effects of time but failed to show benefit of oxytocin over placebo. 19, 38, 39 Consistent with this interpretation, our own previous study of intranasal-administered oxytocin to adolescents with autism 39 used a between-subjects design and found strong effects across both oxytocin and placebo treatment, but no overall benefit of oxytocin. In that study, we showed moderation of caregiver belief as to whether (or not) the adolescent received oxytocin. Future studies need to consider methods to control for placebo effects to improve detection of therapeutic responses, such as a phase of blinded placebo intervention before randomization to drug.
Recently, the safety of oxytocin treatment for children has been debated. 14, 40, 41 This study showed no evidence of deterioration after oxytocin administration on any of the social interaction or behavioral measures. Minimal adverse events were reported for both oxytocin and placebo, although twice the number of these symptoms (namely increased urination, thirst and constipation) were recorded during oxytocin. In this sample size, the reports were not significant but they could reflect oxytocin's influence on hypothalamic response. 42 Three out of 39 participants also showed evidence of hyperactivity or aggression during dose escalation, with two of the three cases assigned to oxytocin. We cannot determine whether these effects were specifically associated with oxytocin or any other nasal spray ingredient and this finding should be the basis of at least a future population study. We also note that two participants who were allocated to oxytocin did not complete the study due to intolerance of the drug delivery procedure. Both of these children were non-verbal or showed minimal receptive language ability, which in turn posed a challenge for nasal spray delivery.
We note limitations of the current study, including a small sample size, the inclusions of participants on other psychotropic medications that were stablized before drug assignment, and our reliance on caregiver reports as the main outcome measures. The development of sensitive observational and other markers of change for use in autism clinical trials remains an ongoing priority.
14 Future studies will need to employ larger samples that include a broad representation of autism patients in the community.
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